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Abstract 



A brief review of the fundamental ideas behind electroweak baryogenesis 
is presented. Since a successful implementation of these ideas requires an 
extension of the minimal standard model, I comment on the necessary physics 
and how experimental constraints make these scenarios testable at the LHC, 
and perhaps at existing colliders. 
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I. INTRODUCTION 



We've heard a lot of interesting talks in this conference about electroweak physics at high 
energies in colliders. In this talk, I want to describe one way in which electroweak physics, 
at high temperatures instead of energies, can play an important role in another arena, that 
of early universe cosmology. 

A clear observational fact about the universe is that it is baryon-antibaryon asymmetric. 
In fact, a combination of results, ranging from everyday experience to cosmic 7-ray abun- 
dances, have demonstrated that there is negligible primordial antimatter in our observable 
universe . To obtain a quantitative measure of this asymmetry we look to the standard 
cosmological model. One of the major successes of cosmology is an accurate prediction of the 
abundances of all the light elements; a calculation which requires a single input parameter, 
the baryon to entropy ratio 



where Ub is the number density of baryons, ng is that of antibaryons, and s denotes the 
entropy density. If one compares calculations of elemental abundances with observations, 
then there is agreement between these numbers if 

1.5 X 10"^° < < 7 X 10"^° . (1.2) 

We could ]nst accept this as an input parameter for the evolution of the universe. How- 
ever, it is part of the philosophy of modern cosmology to seek an explanation for the required 
value of rj using quantum field theories of elementary particles in the early universe. While 
a number of different scenarios for generating rj have been suggested, I'm going to describe 
those which make use of anomalous physics at the electroweak scale. These scenarios are 
collectively referred to as electroweak baryogenesis, and have the virtue of relying on physics 
that is testable at terrestrial colliders. Because of space constraints I'll only be able to de- 
scribe the basic picture, but I hope to be able to give a feel for the fundamental physics and 
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challenges involved. Also, it is impossible to correctly reference a short article on a huge 
subject such as this. I have therefore only used references where I feel they are crucial, and 
hope that my colleagues will understand. For more detailed accounts of the subject and 
more complete referencing of the material, I refer the reader to existing longer reviews [0]. 

II. THE SAKHAROV CRITERIA 

If we're going to use a particle physics model to generate the baryon asymmetry of the 
universe (BAU), what properties must the theory possess? This question was first addressed 
by Sakharov in 1967, resulting in the following criteria 

• Violation of the baryon number [B) symmetry. 

• Violation of the discrete symmetries C (charge conjugation) and CP (the composition 
of parity and C) 

• A departure from thermal equilibrium. 

Of course, the first of these is obvious - no B violation, no baryon production. To understand 
the second condition, note that, roughly speaking, if C and CP are conserved, the rate for 
any process which generates baryons is equal to that for the conjugate process, which pro- 
duces antibaryons, so no net excess is generated on average. Finally, in thermal equilibrium 
the number density of a particle species is determined purely by its energy, and since the 
masses of particle and antiparticle are equal by the CPT theorem, the number density of 
baryons equals that of antibaryons. 

While there exist scenarios of baryogenesis which employ putative physics at very high 
energies, the central point of electroweak baryogenesis is that all three Sakharov conditions 
are satisfied within the relatively well-understood Glashow-Salam- Weinberg theory, as I'll 
explain. 
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A. Baryon Number Violation 



In the standard electroweak theory baryon number is an exact global symmetry. How- 
ever, as realized by 't Hooft |Q, baryon number is violated at the quantum level through 
nonperturbative processes. These effects are closely related to the nontrivial vacuum struc- 
ture of the electroweak theory. To see this, note two facts about the electroweak theory. 
First, one may write a vectorlike current for baryons as 

3% = IqYQ , (2.1) 

where Q represents quarks, and there is an implied sum over the color and flavor indices. 
Now, due to quantum effects, any axial current ip'^^^'-j^ip of a gauge coupled Dirac fermion ip, 
is anomalous [^. This is relevant to baryon number since the electroweak fermions couple 
chirally to the gauge fields. If we write the baryon current as 



Q7'^(l-7')g + Q7^(l + 7')Q , (2.2) 



only the axial part of this vector current is important when one calculates the divergence. 
This effect can be seen by calculating triangle graphs and leads to the following expressions 
for the divergences of the baryon number and lepton number currents; 

d,3's = d,jt = rif {^^W^^^W'^^'^ - ^.F.^F^"^ , (2.3) 

where W^iy is the SU(2) field strength tensor and, for simplicity, I've ignored the U(l) 
interactions. Also, Uf is the number of families, and a tilde denotes the dual tensor. 

Now, the vacua of the theory may be labelled by the Chern-Simons number, defined by 

Ncsit) ^^Jd'x e'^'Ti (^A,d,A, + 'UgA.A^A,^ . (2.4) 

Although this number is not gauge- invariant, we shall only be interested in changes in it, 
which are gauge-invariant. 

For simplicity, consider space to be a 3-sphere and consider the change in baryon number 
from time t = to some arbitrary final time t = tf. For transitions between vacua, the 
change in baryon number may be written using (|2.4| ) as 



AB = ANcs = riflNcsitf) - Ncs{^)\ . 



(2.5) 



So, the change in baryon number is associated with a change in the vacuum state of the 
system. 

At zero temperature, baryon number violating events are exponentially suppressed. This 
is because there exists a potential barrier between vacua and anomalous processes are thus 
tunneling events. The relevant barrier height is set by the point of least energy on the barrier. 
This point is known as the sphaleron, and has energy Egph ~ 10 TeV. However, at temper- 
atures above or comparable to the critical temperature of the electroweak phase transition, 
vacuum transitions over the sphaleron may occur frequently due to thermal activation. 

Detailed calculations of the baryon number violating rate in the broken and unbroken 
phases around the critical temperature, taking into account fluctuations around the 
sphaleron and other effects of nonzero temperature have been performed, yielding 



where is a dimensionless constant. Here, the temperature-dependent "sphaleron" energy 
Esph{T) is defined through the finite temperature effective potential. The important point 
here is that r(T) is large for T > and extremely small for T < T^. 



Fermions in the electroweak theory are chirally coupled to the gauge fields. In terms of 
the discrete symmetries of the theory, these chiral couplings result in the electroweak theory 
being maximally C-violating. However, the issue of CP-violation is more complex. 

CP is known not to be an exact symmetry of the weak interactions, and is observed ex- 
perimentally in the neutral Kaon system through Kq, Kq mixing. Although at present there 
is no completely satisfactory theoretical explanation of this, CP violation is a natural fea- 
ture of the standard electroweak model. The Kobayashi-Maskawa (KM) quark mass mixing 
matrix contains a single independent phase, a nonzero value for which signals CP violation. 




< T < Te 
T>T, 



(2.6) 



III. C AND CP VIOLATION 
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While this is encouraging for baryogenesis, it turns out that this particular source of CP 
violation is not strong enough. The relevant effects are parametrized by a dimensionless 
constant which is no larger than 10^^°. This appears to be much too small to account for 
the observed BAU and so it is usual to turn to extensions of the minimal theory. 
There are two principal ways of doing this 

• The Two-Higgs Doublet Model. Here there are two scalars $1 and $2, and the scalar 
potential is replaced by the most general renormalizable two-Higgs potential. To make 
the CP-violation explicit, we write the Higgs fields in unitary gauge as 



where <^i, (p2, are real, and 9 is the CP-odd phase. 

Changes in 9 are dependent on changes in the magnitude of the Higgs fields. In 
particular, if a point in space makes a transition from false electroweak vacuum to 
true then A^^ > 0, and sphaleron processes result in the preferential production of 
baryons over antibaryons. For the opposite situation < 0, and sphaleron processes 
generate an excess of antibaryons. The total change in the phase 9 (from before the 
phase transition to T = 0) is the quantity that enters into estimates of the BAU. 

• Higher Dimension Operators. If we view the model as an effective field theory, valid 
at energies below some mass scale M, one expects extra, nonrenormalizable operators, 
some of which will be CP odd. A particular dimension six example is |§] 



with h a dimensionless constant. 

Whatever its origin, the effect of CP violation on anomalous baryon number violating 
processes is to provide a fixed direction for the net change in baryon number. 



$i = (0,v9if 



$2 = (0,<^2e*T 




= -^Tr($t$)Tr(F^^Fn , 



(3.2) 
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IV. THE ELECTROWEAK PHASE TRANSITION 



The question of the order of the electroweak phase transition is central to electroweak 
baryogenesis. Since the equihbrium description of particle phenomena is extremely accurate 
at electroweak temperatures, baryogenesis cannot occur at such low scales without the aid 
of phase transitions. 

For a continuous transition, the associated departure from equilibrium is insufficient to 
lead to relevant baryon number production ||^. The order parameter for the electroweak 
phase transition is <y9, the modulus of the Higgs field. For a first order transition the ex- 
tremum at ip = becomes separated from a second local minimum by an energy barrier. 
At the critical temperature T = Tc both phases are equally favored energetically and at 
later times the minimum at (f ^ becomes the global minimum of the theory. Around Tc 
quantum tunneling occurs and nucleation of bubbles of the true vacuum in the sea of false 
begins. At a particular temperature below bubbles just large enough to grow nucleate. 
These are termed critical bubbles, and they expand, eventually filling all of space and com- 
pleting the transition. As the bubble walls pass each point in space, the order parameter 
changes rapidly, as do the other fields and this leads to a significant departure from thermal 
equilibrium. Thus, if the phase transition is strongly enough first order it is possible to 
satisfy the third Sakharov criterion in this way. 

There is a further criterion to be satisfied. As the wall passes a point in space, the Higgs 
fields evolve rapidly and the Higgs VEV changes from (0) = in the unbroken phase to 



in the broken phase. Here, v{T) is the value of the order parameter at the symmetry breaking 
global minimum of the finite temperature effective potential. Now, CP violation and the 
departure from equilibrium occur while the Higgs field is changing. Afterwards, the point is 
in the true vacuum, baryogenesis has ended, and baryon number violation is exponentially 
supressed. Since baryogenesis is now over, it is imperative that baryon number violation be 




(4.1) 
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negligible at this temperature in the broken phase, otherwise any baryonic excess generated 
will be equilibrated to zero. Such an effect is known as washout of the asymmetry and the 
criterion for this not to happen may be written as 

^ > 1 . (4.2) 

Although there are a number of nontrivial steps that lead to this simple criterion, ( [4.2|) is 
traditionally used to ensure that the baryon asymmetry survives after the wall has passed. 
It is necessary that this criterion be satisfied for any electroweak baryogenesis scenario to 
be successful. 



In the minimal standard model, in which the Higgs mass is now constrained |10] to be 



rriH > 89.3 GeV, it is clear from numerical simulations |TT| that ([4.2|) is not satisfied. This 



is therefore a second reason to turn to extensions of the minimal model. 

V. MECHANISMS 

Historically, the ways in which baryons may be produced as a bubble wall, or phase 
boundary, sweeps through space, have been separated into two categories. 

1. local baryogenesis: baryons are produced when the baryon number violating processes 
and CP violating processes occur together near the bubble walls. 

2. nonlocal baryogenesis: particles undergo CP violating interactions with the bubble 
wall and carry an asymmetry in a quantum number other than baryon number into 
the unbroken phase region away from the wall. Baryons are then produced as baryon 
number violating processes convert the existing asymmetry into one in baryon number. 

In general, both local and nonlocal baryogenesis will occur, and the BAU will be the sum of 
that generated by the two processes. I'll only have time to discuss one mechanism here and 
I'll choose nonlocal baryogenesis and refer anyone interested to a recent discussion of local 



baryogenesis [12|. 
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Nonlocal baryogenesis typically involves the interaction of the bubble wall with the var- 
ious fermionic species in the unbroken phase. The main picture is that as a result of CP 
violation in the bubble wall, particles with opposite chirality interact differently with the 
wall, resulting in a net injected chiral flux. This flux thermalizes and diffuses into the un- 
broken phase where it is converted to baryons. In what follows I'll just outline a simple 
nonlocal calculation []T3|. 

First assume that the Higgs fields change in a narrow region at the face of the bubble 
wall. We call this the thin wall regime, and it is valid if the mean free path I of the fermions 
being considered is much greater than the thickness 6 of the wall. I'll also ignore interactions 
in the broken phase, assuming here that baryon number violation turns off instantly after 
the wall passes. 

The equation for the generation of baryon number may be written as 

where the rate per unit volume for electroweak sphaleron transitions is given by (|2.6|) for 
T > Tc. Here, Uf is again the number of families and fii is the chemical potential for left 
handed particles of species i. The crucial question in applying this equation is an accurate 
evaluation of the chemical potentials that bias baryon number production. To be concrete, 
I shall focus on leptons |0 . If there is local thermal equilibrium in front of the bubble walls 
- as I am assuming - then the chemical potentials fii of particle species i are related to their 
number densities rii by 

ni = —kifii , (5.2) 

where ki is a statistical factor which equals 1 for fermions and 2 for bosons. 

The source term in the diffusion equation is the flux Jq resulting from the asymmetric 
reflection and transmission of left and right handed leptons off the bubble wall. For left- 
handed leptons, the relevant flux is 

vmfmH^Ocp 
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(5.3) 



where v is the speed of the wall, mi is the lepton mass and I've written A6cp to parameterize 
the CP-violation. Now, we feed Jq into the diffusion equation for a single particle species 

DlLI + vL'l = iM{z) , (5.4) 

where Di is the diffusion constant for leptons, is the persistence length of the current, 
and a prime denotes the spatial derivative in the direction z perpendicular to the wall. This 
equation may be solved to give 

Ll{z) = I q ^ ^ Q , (5.5) 

with the diffusion root 

Xd = ^ . (5.6) 



D 



L 



In the massless approximation the chemical potential hl can be related [13] to Ll by 



6 , , 

/^L = j^Ll (5.7) 

Inserting the sphaleron rate and the above results for the chemical potential /i into ( p.l[ ), 
the final baryon to entropy ratio becomes 

- = ^.-^wi9 ) AecP [-) j^— , (5.8) 

In some models this can be large enough to explain the BAU. However, the calculation 
must be carried through in detail separately for each model. 

VI. EXTENSIONS OF THE MSM 

As I mentioned earlier, the relevant extensions can be described roughly as 

• Extra light scalars coupled to the Higgs particle, that lead to a more strongly first 
order phase transition and hence a strong departure from equilibrium and negligible 
washout. 
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Two Higgs doublet models to get more CP-violation and enhance the phase transition. 
Higher dimension operators to provide extra CP-violation. 



It is important to note that in electroweak baryogenesis, we may use particle physics to 
constrain these extensions. For example, the operator O induces electric dipole moments 
for the electron and the neutron, and the strongest experimental constraint on the size of 
such an operator comes from the fact that such dipole moments have not been observed. 
Working to lowest order (one-loop) [p^ ] 

e 87r2 [ mj, ) ' ^ ' 

Then, using the experimental limit [|14| yields the bound 

Therefore, any baryogenesis scenario which relies on CP violation introduced via the operator 
O must respect the bound ( p.2| ). 

VII. THE MSSM 

Here I just want to comment on how the minimal supersymmetric standard model is at 
present a viable and testable candidate theory for electroweak baryogenesis. 

In the MSSM there are two Higgs fields. At one loop, a CP-violating interaction between 
these fields is induced through supersymmetry breaking. Alternatively, there also exists 
extra CP-violation through CKM-like effects in the chargino mixing matrix. Thus, there 
seems to be sufficient CP violation for baryogenesis to succeed. 

Now, the two Higgs fields combine to give one light scalar Higgs h such that ruh < 
125GeV. In addition, there are also light stops (the superpartners of the top quark) in the 
theory. These light scalar particles can lead to a strongly first order phase transition if the 
scalars have masses in the correct region of parameter space. A detailed two loop calculation 



15| , and lattice results ||T6| indicate that the allowed region is given by 
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75GeV <mh< lOSGeV 



(7.1) 



lOOGeV < mi< mt , 



(7.2) 



for tan/3 = ($2)/(^i) ~ 2. In the next few years, experiments at LEP should probe this 
range of Higgs masses and we should know if the MSSM is a good candidate for electroweak 
baryogenesis. 



I hope I've described how electroweak baryogenesis combines beautiful nonperturbative 
field theory with cosmology to possibly explain the BAU. By necessity, the account I've given 
is simplified and in reality a great deal of work has gone into understanding the relevant 
physics. 

There exist several viable scenarios at present and, interestingly, there exists a window 
of parameter space in the MSSM that remains open, but that will be probed soon. 

Ultimately, much of the physics of electroweak baryogenesis is testable in coUiders, and it 
is possible that, with the next generation of colliders, we will understand where the matter 
we are made of came from. 
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